Vapor liquid equilibrium measurements were carried out in the temperature range 40 -120 o C for aqueous 30% MEA solution for a fresh solution, solutions containing 0.24mol/kg artificial heat stable salts (HSS)(sulfate, acetate, formate); and solutions from pilot plant containing real HSS (of concentrations 0.12, 0.24 and 0.35 mol/kg). All solutions are aqueous containing MEA of alkalinity 4.91 mol/kg. The solutions gave similar CO 2 partial pressures at a given temperature and CO 2 loading. Solutions from pilot plant that contains MEA + real HSS showed somewhat increased CO 2 partial pressure and were particularly slow to attain equilibrium. Existing VLE model for 30% MEA adequately represent the experimental data from fresh 30% MEA and 30% MEA + artificial HSS without any adjustment to the model. The existing model does not represent the VLE of 30% MEA + real HSS solution adequately. A correction factor of 1.3 applied to the pCO 2 of the 30% MEA model was sufficient for adequate representation. The highly degraded level of the 30%MEA + real HSS solutions makes it unrealistic for a typical process. The solutions containing 30% MEA + artificial HSS mixture give a more realistic representation of liquid used in a typical process for CO 2 capture; the VLE of these solutions is adequately represented by the existing model without adjustment.
Introduction
Accurate correlation and prediction of the equilibrium behavior of any chemical solvent for carbon dioxide absorption is of fundamental importance in the design, optimization and operation of absorption based CO 2 capture processes. Equilibrium models for absorbents found in the literature are typically derived from vapor liquid equilibrium measurements for fresh solutions loaded with CO 2 . In practice amine solutions will stay fresh for a certain time from the start-up after which degradation set in at various rate depending on the solvent. Solvent degradation results in formation of degradation products and these result in some changes in the composition of the fresh solution from which VLE data and in essence the equilibrium models are derived. One result of solvent degradation is the formation of Heat Stable Salts (HSS). HSS is a product of the neutralization reaction between an amine and an organic or inorganic acid. Such acids originate from either amine degradation, absorption of sulfur oxides or other acid-forming components from the gas being treated [1] [2] . HSS are difficult to regenerate and at high concentrations they cause operational problems such as corrosion, foaming and reduction in solvent capacity. Some questions that arise are how valid are the equilibrium models when solvent degradation has occurred and can the models developed from fresh amine solutions be adequately applied to degraded solutions containing HSS? Much of the studies in the literature on HSS have been dedicated to understanding the mechanisms and on HSS management [3] [4] . Little attention has been paid on the impact of HSS on CO 2 absorption. This work aims to use vapor liquid equilibrium measurements to investigate the impact of HSS on equilibrium absorption of CO 2 using MEA solutions containing artificial HSS and real pilot plant solutions with respectively low and high HSS concentrations.
Materials and methods

Chemicals
The different chemicals used for experiments were prepared with the following design:
A constant 4.91 mol/kg free MEA alkalinity is maintained because amine concentration will always be adjusted to original concentrations to compensate for any amine loss in a real capture plant. Three concentrations of HSS in solution were investigated: 0.12, 0.24, and 0.35 mol/kg. This takes into account low, medium and high concentration HSS in absorption solution. Aqueous 30% MEA solutions containing artificial and real HSS from pilot plants were used.
Used MEA solutions were collected from the two pilot plants; Maasvlakte (owned by TNO) and Heilbronn (owned by EnBW) with data on the pilot plant solution composition given in Table 1 . The samples from Maasvlakte was denoted by "TNO" while the ones from Heilbronn by "HEILB". Fresh aqueous 30% MEA solution containing no HSS was prepared using 99% MEA from Sigma Aldrich. This solution is used for base case equilibrium measurement that will correspond to the data and model available in the literature. Organic acids are known to be degradation products in MEA solutions [4] ; thus formate and acetate were chosen as synthetic HSS forming degradation products. In addition also sodium sulfate was included in order to have comparison against effect of a non-amine HSS. Three different aqueous MEA solutions of alkalinity 4.91 mol/kg were prepared, each contains 0.24mol/kg artificial HSS. The following HSS were used, Sulfate (HSS1), Acetate (HSS2) and Formate (HSS3). Each of the MEA + artificial HSS solutions was prepared using 99% MEA and the corresponding salt or acid; 99% sodium sulfate for HSS1, 99.7% acetic acid for HSS2, and 95% formic acid for HSS3. An excess of 0.24mol/kg MEA was added in HSS2 and HSS3 to maintain free MEA alkalinity at 4.91mol/kg. Sodium sulfate, HSS1 is already a salt and does not undergo further reaction with MEA to alter the amine concentration. HSS concentration in solution was confirmed by analysis of total HSS by a wet chemical method. Three concentration of HSS; 0.12, 0.24 and 0.35 mol/kg in 4.91 mol/kg free MEA alkalinity (30% MEA) were prepared from the mixture of the MEA solutions from the two pilot plants since they contain significantly different proportions of HSS (see Table 1 ). Free MEA concentration in the solution from the Maasvlakte (TNO) pilot plant was very low, it was therefore necessary to first correct the amine concentration to 4.91 mol/kg free MEA solution basis by addition of fresh MEA. The solutions from the two pilot plants were blended as shown in Table 2 in order to achieve different fraction of HSS in the solutions. An HSS analysis was used to cross check the final concentrations. Figure 1 gives a pictorial illustration of the samples from pilot plant that was used for the VLE measurements. 
Vapor-Liquid Equilibrium
Low temperature VLE (LTVLE)
Vapor liquid equilibrium for the CO 2 loaded MEA solutions from 40 to 80 o C and at atmospheric pressure were measured using a low temperature/atmospheric vapor liquid equilibrium apparatus. The apparatus is designed to operate up to 80 o C ± 0.1 o C. 150cm 3 of pre-loaded sample solutions were filled in the three equilibrium cells respectively (360cm 3 glass flasks). The gas phase was thereafter circulated by a BÜHLER pump at a set temperature and analyzed online until steady values of gas phase CO 2 composition were recorded by a calibrated Fisher -Rosemount BINOS® 100 NDIR Gas Analyzer. Details on the experimental set up and procedure can be found at [5] [6] . Liquid phase compositions were obtained by taking a ~25 cm 3 sample from the last equilibrium (using a syringe) for CO 2 analysis and for total alkalinity. Same sample is used for HSS analysis for selected samples. After each equilibrium point, the liquid phases in all the cells are removed and diluted with the original unloaded solution or loaded with more CO 2 to shift to a new loading. All samples were analyzed for CO 2 content after equilibrium by total inorganic carbon analysis.
High temperature VLE (HTVLE)
Equilibrium total pressure in the temperature range 80 to 120 o C for the aqueous MEA solutions were obtained using a high temperature VLE apparatus. The apparatus consists of two connected autoclaves (1000 and 200cm 3 ) rotating 180 o with 2 rpm and designed to operate up to 15 bar and 150 o C. The experiment starts when the cell is evacuated and purged with CO 2 . Original solution without pre-loaded CO 2 is then injected into the reactor through a liquid line and pure CO 2 is injected at the desired pressure and at a set temperature. Equilibrium is attained when temperature and pressure are constant to within ± 0.2°C and ± 0.02 bar respectively. A liquid sample for analysis is collected by closed sampling into an evacuated sampling cylinder (316 steel cylinder of volume 150ml) containing about 50ml of a fresh solution. The cylinder is weighed before and after sampling and cooled below ambient temperature in a refrigerator. Closed sampling with fresh unloaded solution of same concentration and cooling below ambient conditions ensures no loss of CO 2 by flashing at atmospheric pressure. CO 2 partial pressure is determined from the measured total pressure by applying Raoults law, eq. 1. CO 2 loading in the mixed solution in the sample container is determined by a method for total inorganic carbon [6] . The actual amount of CO 2 in the loaded solution is then calculated from eq. 2 while the loading is determined according to eq. 3:
(1)
(2) In the expressions above, C CO2liq = liquid phase CO 2 concentration in loaded solution (mol/kg); C CO2ana = analyzed liquid phase CO 2 concentration of the sample (mol/kg); g tot = total weight sample (loaded + unloaded) (g); g sample = weight loaded sample (g) After equilibrium was achieved, for 30% MEA and 30% MEA + artificial HSS solutions experiments; a fresh unloaded 30% MEA and 30% MEA + artificial HSS solutions of same concentration were respectively used to dilute the sampled solution from the equilibrium cell and eq. 3 used to determine the loadings. However for MEA + real HSS solution, it was not possible to obtain solutions with true zero CO 2 loading to be used for the dilution. A fresh unloaded 30% MEA solution without HSS was used for dilution. It was therefore necessary to correct for the exact mass of the sampled solution because of differences in density. HSS content determined from HSS analysis must also be corrected because of dilution by fresh 30% MEA solution. The following expressions were used to determine the CO 2 loading and HSS content of the sampled MEA + real HSS solution after equilibrium:
(7) (8) Here; C am = amine alkalinity (mol/kg); = CO 2 loading (mol/mol); g corr_sample = corrected loaded sample weight (g); g HSS_corr = HSS corrected unloaded sample weight (g); g unloaded = unloaded sample weight (g); HSS ana = HSS measured by analysis (mol/kg) ; HSS = HSS concentration (mol/kg); ρ 1 = density fresh MEA (g/ml); ρ 2 = density MEA with real HSS (g/ml)
Modelling
The temperature dependency of CO 2 partial pressure on loading can be fitted with a parameterized sigmoid function in a so-called soft model:
This model is applied to the experimental data to represent the CO 2 partial pressure vs loading results obtained for the various MEA and MEA + HSS VLE measured data.
Results and discussion
Vapor-liquid equilibrium results
Base case MEA
A base case 30% MEA VLE measurement at 80 o C will be compare to the data from VLE of 30% MEA containing HSS to observe any impact of HSS on CO 2 absorption for an aqueous 30% MEA solution, further it will validate the experimental procedure of using two VLE equipment as well as literature data. VLE result in figure 2 shows that the result from this work is in good agreement with the existing literature data [5] . Further, the results show that the two methods of VLE measurements, LTVLE and HTVLE give consistent results figure 4 and are compared to literature data for fresh 30% MEA solution. The figure shows that in most cases, data obtained for the MEA + real HSS solution used here lie above the literature data from fresh 30% MEA solution indicating a slightly increased CO 2 partial pressure over the solution. Model results (in section 4.2) show that the observed increase in CO 2 partial pressure is about 30% of the values for a fresh 30% MEA solution. At higher temperatures of 100 and 120 o C the increased pCO 2 compared to the literature data is more pronounced. It is not clear if the higher CO 2 partial pressure is due to contributions from CO 2 partial pressure alone or other components that may be present in the highly degraded samples. In the experimental calculations, the vapour phase is assumed to be composed of only CO 2 , amine and water vapour. It must be mentioned that it generally took a longer time to attain equilibrium for this MEA + real HSS solution. This could be an indication of slower reaction kinetics for these systems or further degradation of the samples during the experiments under such conditions. HSS monitoring results (in section 4.1.4) however, show no significant changes in HSS concentration after experiments. The VLE results here indicates that there will be no significant difference in equilibrium CO 2 partial pressure over 30% MEA solution containing real HSS of different concentrations when the free MEA alkalinity is kept at 4.91mol/kg and the solution is not allowed to degrade heavily as the solutions used in this work as shown by result in section 4.1.2.
HSS monitoring
Samples from equilibrium measurement were randomly analysed for HSS content in solution for each set of measurement representing every temperature and concentration measured. This was to ensure that the correct concentration of HSS is maintained in solution and helps to know if HSS concentration in solution is maintained after the equilibration particularly for the HTVLE measurements. The method for all total HSS analysis carried out is based on that; all anions are transferred to its corresponding acids by use of a strong cation ion exchanger. The amount of acids is then determined by a traditional acid base titration using NaOH. Analysed HSS result from the HTVLE equipment were corrected for dilution during sampling as described in section 2.2.2 to determine the final measured value. HSS analysis results are given in Table 3 . The results show that the measured HSS in solution is adequately maintained at the calculated values at which the solutions were prepared; 0.24mol/kg for artificial HSS1, HSS2 and HSS3 while for real HSS different desired concentrations of 0.12, 0.24 and 0.35 mol/kg HSS in 4.91 mol/kg free MEA solution were maintained. A significant deviation however is found in sample no 21 and 24. The reason for the higher than expected HSS concentrations in these two samples is not clear but it was observed that in these experiments the solution previously used for LTVLE was re-used. Re-use of solutions was necessitated by the limited quantity of solutions from the pilot plants. In general it can be concluded that the planned HSS concentration was maintained during the experiments and that the measurements does not have any significant effect on the HSS content of the solution. 
Modeling results
A 30% MEA soft model with parameters for eq. 9 given in Table 4 was built from Aronu et al., 2011 data [5] which was obtained from fresh 30% MEA solution. The model representation of experimental data in Figure 5 shows that the model gives a good representation of the experimental data. Further the soft model representation of the VLE result for MEA + artificial HSS at 80 o C is shown in Figure 6 . The figure also shows that existing model for 30% MEA adequately represents the experimental without any model adjustment. The 30% MEA soft model applied to the various MEA + real HSS without any adjustment is respectively shown for 31% TNO + 69% HEILB, 67% TNO + 33% HEILB and 100% TNO in Figure 7 . The figures show that in most cases, the measured equilibrium partial pressure of CO 2 for 30% MEA containing real HSS are slightly higher than the model results. The pCO 2 results from the soft model were adjusted using a factor of 1.3. This correction factor, representing a 30% increase in pCO 2 , resulted in good model representation of the experimental data of the real HSS solution as shown in figure 8 a, b and c. Deviation between experiment and model calculation could sometimes vary within ±20 to 30% however the fact that all the experimental data from real HSS lie above the model results suggests that the real HSS solutions yield somewhat higher CO 2 partial pressures than the fresh 30% MEA solution. The real HSS used for the VLE measurements are heavily degraded. In a typical process, amines will not be allowed to degrade to these levels before reclaiming. The VLE results for MEA + artificial HSS (shown in Figure 6 ) is believed to give a better representation of the impact HSS on the equilibrium CO 2 absorption in a typical process. This figure shows that presence of HSS will have no significant impact on equilibrium CO 2 absorption when amine alkalinity is maintained and that the existing MEA models can be used to correlate the VLE of such system. 
Conclusion
Vapour liquid equilibrium measurements were carried out for fresh 30% MEA solution, three different 30% MEA solution containing 0.24mol/kg artificial heat stable salts (HSS); sulfate, acetate, formate and 30% MEA solution from pilot plant containing real HSS with varied concentration; 0.12, 0.24 and 0.35 mol/kg. All solutions contain MEA of alkalinity 4.91 mol/kg. Equilibrium measurements were carried out at 40, 60 and 80 o C using the low temperature VLE (LTVLE) equipment while a high temperature VLE (HTVLE) equipment was used for 80, 100 and 120 o C. All the solutions, fresh MEA, MEA + artificial HSS and MEA + real HSS gave similar CO 2 partial pressures at a given temperature and CO 2 loading but data from MEA + real HSS showed somewhat increased CO 2 partial pressure. Solutions containing real HSS from the pilot plant were particularly slow to achieve equilibrium; this is attributed to slower reaction kinetics of the heavily degraded solutions. Existing VLE model for 30% MEA adequately represent the experimental VLE for fresh 30% MEA and 30% MEA + artificial HSS. The existing 30% MEA VLE model does not represent the data of MEA + real HSS solution adequately. A correction factor of 1.3 applied to the pCO 2 of the soft model was sufficient for adequate representation. The highly degraded level of the MEA + real HSS solutions makes it unrealistic for a typical process. A solution used in a process must be reclaimed long before such degradation level is attained. The solutions containing 30% MEA + artificial HSS mixture gives a more realistic representation of condition of liquid used in a typical process for CO 2 capture. The VLE of these solutions is adequately represented by the existing model without adjustment.
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